Integrative Biology
Introduction
Synthetic biology requires the development of regulatory 20 switches that facilitate dynamic regulation of target gene expression. [1] [2] [3] [4] In this context, optogenetic approaches demonstrated precise control over cellular functions by light. [5] [6] [7] The unique variability of the stimulus light, including its color and intensity, allows for a specific triggering of cellular events in 25 a non-invasive and highly resolving spatiotemporal fashion. 5 Light-mediated control over gene expression basically relies on two principles which use either genetically encoded biological photoreceptors or chemically photocaged biomolecules. [6] [7] [8] [9] Recombinant photoreceptors, for example, have been 30 successfully employed for light-mediated in vivo signal transduction in synthetic biological applications.
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The principle of photocaging poses an alternative approach to achieve light-mediated control over gene expression. Photocaged molecules are rendered biologically inactive through the addition 35 of a photo-removable protection group, the so-called photocaging group or photocage. Functionality can be restored, both in vitro 40 and in vivo, by the light-mediated release (uncaging) of the bioactive molecule. 13 Plenty of biomolecules were subjected to photocaging, including proteins or small inducer molecules, 7, 14 e.g. isopropyl β-D-thiogalactopyranoside (IPTG) 15 and a doxycycline analog, 16 that were able to activate lac and tet 45 promoter-controlled microbial expression systems upon UV-A light exposure. Induction of lac promoter-dependent gene expression by sugar analogs with light-responsive photocaging was first described using 6-nitropiperonal (NP) photocaged IPTG. 15 Here, the NP- 50 photocaged IPTG was unable to bind the repressor LacI, while its biological activity was restored upon UV-A light exposure, leading to LacI binding and therefore to derepression of gene expression. 15 However, currently available light-controlled systems, that operate with photocaged molecules (caged T7RP; 55 caged IPTG; caged doxycycline), [15] [16] [17] have not yet been Innovation, Insight, Integration
Optogenetic approaches aim to trigger biological processes by light. For the establishment of a light-responsive E. coli expression system, we validate different lac promoter-controlled, T7 RNA polymerase-dependent expression modules. Using microfluidic techniques we were able to pin down and abolish bottlenecks of inducer-dependent regulatory response. By implementing a derivative of the synthetic inducer IPTG, which is coupled to the light-sensitive photocaging group 6-nitropiperonal, we assembled a precise photoswitch that can be controlled by UV-A light.
employed for precise and homogeneous in vivo regulation of microbial gene expression.
The Escherichia coli T7-RNA polymerase(T7RP)-dependent expression system is regarded as the most widely used system for high-level gene expression. [18] [19] [20] It consists of a lambda DE3 5 lysogenic E. coli strain carrying a chromosomally integrated copy of the T7RP gene whose expression is tightly controlled by the lac promoter 20 and an appropriate expression plasmid allowing target gene expression from a T7 promoter. The highly processive phage polymerase exclusively targets its own promoter and 10 therefore operates decoupled from other cellular processes. 21 For this reason, the E. coli T7 system is recommended as 'what to try first' system for the expression of pro-and eukaryotic proteins. 20, 22 One of the most prominent T7RP expression strains is E. coli 15 BL21(DE3). 19 However, this common system harbors the wildtype E. coli lac operon including the lactose permease-encoding lacY gene, whose expression is also lactose-dependent and causes a positive feedback loop by actively translocating inducer molecules into the cell. 23 Thereby, it generates a non-gradual and 20 also inhomogeneous induction behavior over a bacterial population, especially for low amounts of inducer molecules. 24 Therefore, the precise fine regulation of gene expression using common T7RP-and lac-based expression modules appears difficult. 25 The expression of a target gene is usually analyzed within an entire bacterial population; however, to gain insights into exact regulation processes, expression needs to be studied on single cell level. Currently, batch cultivation is combined with reporterimaging technologies such as single cell photography 25 or flow 30 cytometry analysis. 26 A profound drawback of these methods is the system-inherent discontinuous environment. 27 For instance, nutrient depletion and accumulation of metabolic products result in discontinuity over time within the cultivation vessel. cell density of OD 580 = 1.0.
Microfluidic cultivation
A single-use polydimethylsiloxane (PDMS) microfluidic chip fabricated as previously described 39, 49 was utilized to cultivate 15 single cells and isogenic microcolonies (Fig. 1) . A single chip used in this study ( supply channels, as illustrated in Fig. 1D . Throughout operation both supply channels were infused with identical volume flow rates. This resulted in solely diffusion based mass transport across the shallow cultivation chambers, permitting reliable single cell tracking for genealogical studies inside growing microcolonies. 25 Cell suspensions for chip perfusion were prepared by inoculating fresh cultures from a preculture to an OD 580 of 0.05 and cultivated until the mid-logarithmic growth phase was reached. This cell suspension was infused at 200 nl min -1 using 1 ml disposable syringes and high precision syringe pumps 30 (neMESYS, Cetoni, Germany) to randomly inoculate single mother cells into the growth chambers. After sufficient single cells were trapped, the cell suspension was replaced with fresh LB medium infused at 100 nl min -1 . After 1 h cultivation, cells were induced by IPTG supplemented LB cultivation media. 35 During cultivation at 37°C the chip was continuously perfused with fresh medium to maintain constant environmental culture conditions. If desired, the perfusion of fresh medium was manually stopped to induce batch equivalent conditions inside the chambers (with nutrition depletion and byproduct accumulation). 40 Media supplemented with NP-photocaged IPTG were exposed to UV-A light prior to use.
Time-lapse microscopy and image analysis
The microfluidic chip was mounted onto a motorized microscope 45 (Nikon Eclipse Ti) equipped with an in-house developed incubator and a heated Nikon Apo TIRF 100x Oil DIC N objective (ALA OBJ-Heater, Ala Scientific Instruments, USA) for temperature control. Furthermore, the microscope was equipped with a Nikon perfect focus system compensating for 
Results and discussion
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We aimed to establish an optogenetic expression system in bacteria that provides minimal background activity as well as a gradual and homogenous light response within the entire cell population ( Fig. 2A) . Hence, we constructed a lac-promoter-80 based E. coli T7RP expression system that provides exact controllability via photocaged inducer molecules (Fig. 2B) . The characteristics and functions of all regulatory and metabolic elements involved in the control of lac promoter/operator activity in E. coli are well described. 19, 50, 51 
Strict regulation of lac operator-controlled gene expression is impeded in E. coli standard expression host BL21(DE3)
Properties of lac regulation were first investigated in E. coli 35 BL21(DE3) carrying the expression vector pRhotHi-2-EYFP. Cells were initially grown in a common batch cultivation set-up (Fig. 3A) using IPTG concentrations ranging from 0 to 100 µM. YFP in vivo fluorescence was quantified 6 and 20 h (representing late logarithmic and stationary phase, respectively) after 40 induction of gene expression (Fig. 3B) . The results clearly demonstrated a high background expression level in non-induced cultures (0 µM IPTG). In all cases, the addition of IPTG led to a moderate increase of YFP-mediated in vivo fluorescence (a twofold increase after 6 h and a three-fold increase after 20 h), 45 irrespective of the applied inducer concentration. The results thus show that the first strain/vector system, where LacY is present and the amount of LacI is low, neither exhibits low background activity nor allows gradual induction of gene expression. Subsequently, homogeneity of the induction behavior was tested 50 for the chosen expression system in a microfluidic perfusion setup (Fig. 3C) (Fig. 3D) . (Fig. 3D) . This was likewise observed for single cell traces of differently induced E. coli BL21(DE3)/pRhotHi-2-EYFP cells (see supplementary Fig. S3 ). Remarkably, in contrast to the observations made in batch cultures (Fig. 3B) , cells in the microfluidic set-up (Fig. 3D) showed very low YFP fluorescence under non-inducing intensities could be observed where YFP expression was induced with 40 instead of 10 µM IPTG. These observations might result 5 from elementary differences in applied cultivation technologies, as in batch cultivation, media components such as glucose that are involved in carbon catabolite repression of the lac promoter are consumed over time, whereas in the microfluidic perfusion system cells are continuously supplied with fresh media. 10 Therefore, media components relevant for catabolite repression may be maintained at 'repressing' concentrations without additional IPTG and also might impair full induction of YFP expression at intermediate inducer concentrations (i.e. 10 µM) during microfluidic but not batch cultivation. 15 To further analyze the fluorescence development at single cell level during microfluidic cultivation, lineage trees were generated from data of representative microcolonies, each of which developed from a single cell, supplemented with 10 or 40 µM IPTG over a time-period of 200 minutes (Fig. 3G,H) . 20 In a microcolony supplemented with 10 µM IPTG (Fig. 3G) variably fluorescing (mean value of normalized YFP fluorescence: 36% ±18%) and differentially growing subpopulations developed from the initial cell (see also supplementary video 1). At the time of induction, four cells gave 25 rise to explicitly different branches. In the three upper branches where cells showed only low fluorescence, the bacteria divided 23 times on average. In contrast, in the lower branch, where cells showed relatively high fluorescence, bacteria divided only 11 times. As expected from the results shown in figure 3D and F, the 30 tree ended with uniformly strong fluorescing cells (84% in average with a standard deviation of ±12%) when the medium was supplemented with 40 µM IPTG (Fig. 3H) . Here, the correlation of lac induction with cellular growth becomes evident in an altogether drastically smaller tree. On average, cells divided 35 only 2.5 times after induction. The observed inconsistency of growth rates at lower inducer concentrations may promote overgrowth of cells with lower expression levels and displacement of cells with higher expression levels during cultivation, yielding in a rather unfavorable overall expression 40 and unpredictable regulatory response. In summary, applying microfluidic cultivation with time lapse microscopy allowed for the first time to demonstrate differences of the induction response in cells of the standard expression host E. coli BL21(DE3). In combination with pRhotHi-2-EYFP this 45 strain does not allow precise control of gene expression as required for systems biology and optogenetic approaches. It exhibits a high expression background in the absence of IPTG, a non-gradual expression response to increasing inducer concentrations as well as an inhomogeneous and unpredictable 50 behavior of individual cells at intermediate inducer concentrations. In another study, these characteristics have also been observed for expression of a reporter gene which was under direct control of the lac promoter. 53 We show here that these same observations also hold for the T7RP expression system. 24 Notably, in our system the lac promoter-controlled expression is conveyed via T7RP to the 80 fluorescence output. However, basal expression of this system was still too high for aspired optogenetic applications. In order to overcome this leaky basal expression observed in E. coli Tuner(DE3) with pRhotHi-2-EYFP, an additional copy of the lac repressor gene lacI was introduced. To this end, the new 85 expression vector pRhotHi-2-LacI was constructed, harboring a copy of the lacI gene under the control of its natural constitutive promoter. Subsequently, E. coli Tuner(DE3)/pRhotHi-2-LacI-EYFP was subjected to expression studies applying inducer concentrations from 0 to 100 µM (Fig. 4B ). Compared to both 90 afore conducted expression studies (Fig. 3B, Fig. 4A ), a clearly reduced background expression under non-induced conditions was observed. Furthermore, expression response strictly depended on inducer concentrations enabling a gradual response for IPTG concentrations up to 30 µM and 40 µM after 6 and 20 95 hours, respectively. Maximal induction of reporter gene expression finally resulted in a 15-fold (6 h) and 23-fold (20 h) increase of YFP-mediated fluorescence (Fig. 4B) . Moreover, with an exception for induction with 100 µM IPTG, the ratio of fluorescence signal detected after 6 and 20 hours of cell 100 cultivation remained remarkably constant and is thus largely independent from the growth phase. The homogeneity of expression response within a cell population of E. coli Tuner(DE3) harboring expression plasmid pRhotHi-2-LacI-EYFP was tested by monitoring the fluorescence development of single 105 after 1 h of precultivation. Lineage trees were generated from data of representative microcolonies over a period of 200 minutes. End point fluorescence (grayscale) and individual cell size (bar length) are plotted. In the box, the fluorescence mean value and standard deviation normalized to the highest value achieved in all microfluidic experiments is depicted. This fluorescence value is also marked by an arrow. cells using microfluidic techniques (Fig. 4C,D,E) . Traces of representative microcolonies displayed a gradual (Fig. 4C) and homogeneous ( Fig. 4D ) fluorescence increase. However, final fluorescence values were much weaker than those previously observed in E. coli BL21(DE3) with pRhotHi-2-EYFP (Fig. 3D,   5 4C). Therefore, fluorescence development of cultures that were supplemented with 10 µM IPTG showed no significant increase in YFP in vivo fluorescence as also observed for uninduced cells. The generally lower fluorescence values of Tuner(DE3) might be explained by the faster growth that restricted the evaluable time 10 period to 225 minutes. This assumption was corroborated by long-term microfluidic cultivation that revealed comparable final in vivo fluorescence values for both investigated strains (supplementary Fig. S4 ). To analyze the fluorescence development of an initial single cell during repeated cell division, a lineage tree was generated over a time period of 200 minutes from a representative microcolony where target gene expression was induced by adding 40 µM IPTG (Fig. 4E) . In contrast to E. coli BL21(DE3)/pRhotHi-2-EYFP, this tree branches to cells 5 with equal end point fluorescence values of 7% ±2% (see also additional histograms in supplementary Fig. S2B ). Moreover, no distinctive growth impairment occurred (also elucidated by additional single cell traces shown in supplementary Fig. S5) , as indicated by a high cell division rate after induction of gene 10 expression (26 times on average). The detailed characterization of the E. coli T7RP expression strain Tuner(DE3) demonstrates that lac permease deficiency and elevated lacI copy numbers enable the precise control of gene expression levels. The respective strain showed low background expression and a gradual induction 15 response to different inducer concentrations. Furthermore, this expression system exhibits a superior homogeneity in both, expression behavior and cellular growth, which is independent of the applied cultivation conditions.
Precise triggering of T7RP-dependent gene expression by 20 
light
The expression system composed of E. coli Tuner(DE3) and pRhotHi-2-LacI-EYFP was used to implement light-responsive gene expression. To this end, we synthesized an NP-photocaging group which was subsequently coupled to IPTG as described 25 before 15 (see supplementary methods), yielding NP-photocaged IPTG (Fig. 5A) . After UV-A exposure, the resulting regioisomeric NP-nitrosocarbonyl esters are hydrolyzed in E. coli releasing IPTG (Fig. 5A) .
The light-responsiveness of this expression system was tested 30 with E. coli Tuner(DE3) cells carrying plasmid pRhotHi-2-LacI-EYFP that were batch cultivated in LB medium supplemented with 40 µM NP-photocaged IPTG for two hours in the dark. T7RP-dependent YFP expression was induced by exposure to UV-A light ( max = 365 nm) with increasing times ranging from 0 35 to 10 minutes (Fig. 5B) . As shown in supplementary Fig. S6 , UV-A illumination did not lead to phototoxic effects since exposure times of up to 30 minutes are not affecting cellular fitness. Subsequently, YFP in vivo fluorescence was recorded 6 and 20 hours after UV-A illumination and compared to results obtained with conventionally induced cultures (Fig. 5B) . These first results clearly demonstrated that the increase of light exposure time provoked a gradual expression response with NP-photocaged 5 IPTG. However, neither 6 nor 20 hours of YFP expression after light induction were sufficient to achieve in vivo fluorescence values comparable to IPTG-induced cultures (Fig. 5B, control) . This observation can either be explained by a decreased stability of NP-photocaged IPTG molecules in comparison to IPTG or it 10 could be speculated that a deferred intracellular hydrolysis of photo-cleaved ester intermediates (Fig. 5A ) might result in a delayed release of IPTG and thus prevented fully efficient induction of gene expression. However, since the comparison of different time-points of NP-IPTG supplementation did not lead to 15 enhanced YFP expression levels (Fig.S7) , in vivo instability of NP-photocaged IPTG can be neglected. Next, the time of E. coli precultivation was shortened in order to increase the efficiency of E. coli-mediated hydrolysis of its ester intermediate. As shown in figure 5C and D, earlier UV-A light exposure indeed yielded 20 higher YFP expression levels: Under these conditions, the in vivo fluorescence gradually increased in response to prolonged duration of light exposure and, finally, levels of conventionally induced cells were reached after 2 minutes of UV-A light excitation. The light-response of the novel expression system was 25 also analyzed at single cell level. Therefore, E. coli Tuner(DE3)/pRhotHi-2-LacI-EYFP was subjected to microfluidic cultivation in LB medium containing 40 µM NP-photocaged IPTG, which was pre-exposed to UV-A light for 1 minute (data not shown). Surprisingly, no light-induced YFP expression could 30 be detected in the microfluidic set-up over the entire cultivation time, even when the concentration of caged inducer molecules was increased to 100 µM (Fig. 6A) . Two aspects might be considered to explain this observation: (1) IPTG molecules are intracellularly hydrolysed and immediately 35 washed out of the cells due to free bidirectional diffusion over the cell membrane. (2) The results shown in Fig. 5D suggested that hydrolase levels in the early logarithmic growth phase were too low to promptly release IPTG in the cytoplasm. In the microfluidic cultivation set-up, exactly this growth phase seems 40 to be mimicked due to persistent nutrient supply. 54 To overcome those specific limitations during microfluidic cultivation, the same experimental set-up was chosen as before with the subtle difference that media flow was turned off after rinsing trapped cells with light-exposed medium. Figure 6B clearly shows that 45 microscale batch cultivation indeed resulted in a light-induced expression response. Furthermore, at the end of the experiment (i.e. after 450 min), UV-A light-induced YFP expression was comparable to that of conventionally induced cells (Fig. 6C) . Online monitoring of the fluorescence development of 50 microcolonies further revealed that the expression response upon UV-A light exposure was decelerated in comparison to conventionally induced cultures (Fig. 6C) . Moreover, these data clearly document the remarkable homogeneity of light-dependent expression response. Thus, the combination of tightly controlled S8 ).
80 Surprisingly, a gradual light response during batch cultivation was observed, suggesting a diffusion-based instead of a LacYmediated uptake of the caged inducer molecule before photocleavage (supplementary Fig. S8A ). However, microscale batch cultivation clearly revealed a distinctive heterogeneity of 85 expression at single cell level (Fig. S8B ) demonstrating that LacY indeed conveyed a positive feedback loop due to the specific uptake of decaged IPTG after light-mediated cleavage.
To the best of our knowledge the here presented optogenetic setup, consisting of the lacY-deficient E. coli strain Tuner(DE3) and 5 NP-photocaged IPTG represents the first gradually lightregulated T7RP-dependent expression system in bacteria. The NP-photocaged IPTG based system exhibits several outstanding features including precise and gradual regulation, high population homogeneity and low background expression. Moreover, the 10 implementation of the T7RP allows the expression of large and complex gene clusters 55 and enables broad applicability to various alternative expression hosts, 56 that is, however, clearly dependent on the actual growth phase (compare Fig. 5C , D and Fig. 6A, B) ,the corresponding expression host and the applied 15 cultivation approach. In contrast, photoreceptor-based light control is often hampered by their high basal activities 10 and their extremely sharp transitions from inactive to active signaling states. 57 Furthermore, the use of photoreceptors as light switches is usually restricted to 20 certain hosts, as they specifically interact with corresponding signal transduction proteins and/or promoters. Nevertheless, novel caged inducer molecules that are directly activated in a one-step photocleavage reaction are required to ensure high temporal resolution of light-regulated gene 25 expression that is mostly independent from growth conditions. Furthermore, the establishment of advanced single cell batch cultivation systems seems vitally important, 58 as it was shown within this study that environmental discontinuity is a crucial limitation for some synthetic biology approaches.
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Conclusions
Exact control of gene expression by light allows the regulation of simple to complex cellular functions in living microorganisms 35 with high spatial and temporal resolution. The results presented here clearly demonstrate that well characterized expression modules can be easily converted into a versatile photo-switch by implementing photo-caged effector molecules, as NP-photocaged IPTG. The here described light-switch is a valuable optogenetic 40 tool applicable for biomedicine, systems biology, functional genomics, and biotechnology. Moreover, this optogenetic module can be implemented as a "photo-biobrick" into light-controlled higher-order artificial networks useful for a variety of synthetic biology approaches. 
